Key Points {#FPar1}
==========

Certain populations did not lose weight with canagliflozin treatment; however, these subjects had similar glucose-lowering levels in comparison with those who lost weight with this drug.In those subjects who lost weight, canagliflozin was associated with improvements in the levels of metabolic parameters related to cardiovascular risk factors, including uric acid and triglyceride levels.Canagliflozin may possess distinct, dual glucose-lowering mechanisms depending on body weight changes as follows. In subjects who lose weight, the degrees of insulin resistance decrease. By contrast, in subjects who do not lose weight, this drug reduces lipotoxicity via the decreased free fatty acid levels, thereby activating β-cell function and/or reducing insulin resistance.

Introduction {#Sec1}
============

Sodium-glucose co-transporter 2 (SGLT-2) inhibitors are new oral hypoglycemic drugs for type 2 diabetes mellitus (T2DM) that increase glucose excretion into the urine \[[@CR1]--[@CR3]\]. Consistent with this mechanism of action, one of the most beneficial non-glycemic properties of SGLT-2 inhibitors is their effect on body weight \[[@CR4]\]; however, it is frequently experienced by physicians and patients that body weight reductions of SGLT-2 inhibitors are not always linked to their glycemic efficacies as previously proposed \[[@CR5]\].

Canagliflozin is one of the SGLT-2 inhibitors used in many countries \[[@CR6], [@CR7]\]. Since chemical structures of SGLT-2 inhibitors are rather similar, canagliflozin was shown to possess similar pharmacological properties as other SGLT-2 inhibitors \[[@CR8]\]. With the simple mechanism of excreting glucose into the urine, SGLT-2 inhibitors, including canagliflozin, were shown to ameliorate glucotoxicity \[[@CR9]\], thereby ameliorating β-cell function and enhancing insulin sensitivity \[[@CR6], [@CR7]\]. Furthermore, it was preliminarily reported that ipragliflozin, another SGLT-2 inhibitor, could downregulate free fatty acid (FFA) levels in certain populations, thereby affecting β-cell function and/or insulin sensitivity \[[@CR5]\].

This study was a post hoc analysis of our previous work \[[@CR10]\], and, in particular, explored the link between the changes in body weight and those of metabolic parameters with canagliflozin. This drug was used as monotherapy to reduce the influence of other drugs. Therefore, canagliflozin monotherapy was administered to drug-naïve subjects with T2DM. Body mass index (BMI) and other metabolic parameters were compared with baseline values at 3 months. No other drugs were administered during the study. Effects on glycemic and non-glycemic parameters were investigated in two groups, with or without body weight reductions.

Subjects and Methods {#Sec2}
====================

Subjects {#Sec3}
--------

The inclusion and exclusion criteria of subjects have been described previously \[[@CR10]\]. Subjects were recruited from the outpatient department of the Department of Internal Medicine, Gyoda General Hospital, Saitama, Japan, and other associated hospitals of the first author (EK).

Female subjects (*n* = 10) only took 50 mg/day of study drug owing to frequent female-specific adverse events (e.g. urogenital infections), while male subjects (*n* = 26) took 100 mg/day. No other drugs were administered during the study. Subjects were encouraged to follow the exercise and diet as described \[[@CR10]\]. Informed consents were obtained from patients and the protocol of this study was approved by the Ethical Committee/Institutional Review Board of Gyoda General Hospital. This study was conducted in accordance with the principles of Good Clinical Practice. In the case of unacceptable or undesirable therapeutic outcome, patients were free to leave therapy whenever they wished.

Measurements {#Sec4}
------------

The primary endpoint was changes in BMI levels from baseline to 3 months, while secondary endpoints included changes in fasting blood glucose (FBG), HbA1c, insulin, homeostasis model assessment-R (HOMA-R), homeostasis model assessment-B (HOMA-B), total cholesterol (T-C), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), non-HDL-C, low-density lipoprotein cholesterol (LDL-C), uric acid (UA), and FFA from baseline to 3 months. HbA1c values were assessed by the National Glycoprotein Standardization Program (NGSP) \[[@CR11]\]. Blood was collected in the fasting state in the morning hours, and the standard technique was used to measure these parameters as described previously \[[@CR10]\]. Subjects were divided into two groups: Group L ('lost', *n* = 20) comprised patients who lost a significant amount of weight (change in BMI \[ΔBMI\] ≤ − 0.45; *p* \< 0.00001), and Group N ('neutral', *n* = 16) comprised patients who did not lose weight (ΔBMI \> − 0.45; *p* = non-significant). This cut-off value was the borderline where the changes in BMI levels become significant or non-significant.

Data Analyses {#Sec5}
-------------

This study was a post hoc analysis of our previous work \[[@CR10]\]. Since FFA was not measured in three male subjects from the original study \[[@CR10]\], these subjects were excluded from the data analysis. Most of the statistical analysis was performed as described previously \[[@CR10]\]. Descriptive statistics for all parameters studied included the mean changes from baseline to 3 months. The PAST program from the University of Oslo (<https://folk.uio.no/ohammer/past/>) was employed for statistical analysis. Multiple regression analysis was undertaken to identify any contributing factors relating to the changes in BMI levels with canagliflozin. The following independent variables were used: baseline levels of age, FBG, TG, non-HDL-C, UA, HOMA-R, HOMA-B, FFA and BMI. Throughout the statistical analysis, *p* values \< 0.05 were considered statistically significant, whereas *p* values of 0.05 ≤ *p* \< 0.1 were considered statistically insignificant but determined to show a tendency to potential differences or correlations.

Results {#Sec6}
=======

Effects on Glycemic and Non-glycemic Parameters with Canagliflozin (All Subjects) {#Sec7}
---------------------------------------------------------------------------------

For the overall subjects, significant reductions in FBG, HbA1c, BMI and HOMA-R levels were observed, while significant increases in HOMA-B levels were seen at 3 months (for each value and statistical significance, see Table [1](#Tab1){ref-type="table"}). UA levels had a tendency to decrease. Little, if any, changes in lipid parameters, including T-C, TG, HDL-C, non-HDL-C, LDL-C and FFA levels, were noted. Multiple regression analysis was undertaken to identify contributing factors for the changes in (Δ) BMI (dependent variable) with canagliflozin, with the following independent variables being used: age, baseline level of FBG, BMI, TG, non-HDL-C, FFA, UA, HOMA-R and HOMA-B. Among these factors, the baseline level of UA might be the responsible factor for the changes in BMI during canagliflozin treatment (Table [2](#Tab2){ref-type="table"}). Indeed, nearly significant negative correlations were seen between the baseline UA levels and ΔBMI with the post hoc simple regression analysis (*p* = 0.062) (Fig. [1](#Fig1){ref-type="fig"}).Table 1Baseline characteristics and changes in glycemic and non-glycemic parameters with canagliflozin monotherapy in drug-naïve subjects with T2DM (overall subjects)Baseline3 months*p* values% changesAge (years)51.4 ± 14.0F/M10/26BMI27.59 ± 5.5627.00 ± 5.50\< 0.00001− 2.1FBG (mg/gl)207.6 ± 66.7149.5 ± 32.4\< 0.00001− 27.9HbA1c (%)10.29 ± 2.528.27 ± 1.66\< 0.00001− 19.6Insulin (mU/ml)9.60 ± 7.178.89 ± 6.26n.s.− 7.3HOMA-R4.82 ± 9.153.17 ± 2.17\< 0.0002− 34.2HOMA-B31.16 ± 30.1244.18 ± 38.20\< 0.00741.7UA (mg/dl)5.50 ± 1.215.25 ± 1.19n.s.− 4.5T-C (mg/dl)214.8 ± 38.7211.6 ± 39.1n.s.− 1.4TG (mg/dl)183.3 ± 134.8168.7 ± 95.8n.s.− 7.9HDL-C (mg/dl)50.5 ± 13.352.3 ± 12.2n.s.3.5Non-HDL-C (mg/dl)164.2 ± 38.3159.2 ± 36.9n.s.− 3LDL-C (mg/dl)139.4 ± 37.8136.0 ± 34.6n.s.− 2.4FFA (eE/l)0.816 ± 0.3300.714 ± 0.384n.s.− 12.5A paired Student's *t* test was performed to analyze the changes in these parameters*F* female, *M* male, *BMI* body mass index, *FBG* fasting blood glucose, *HOMA-R* homeostasis model assessment-R, *HOMA-B* homeostasis model assessment-B, *UA* uric acid, *T-C* total cholesterol, *TG* triglyceride, *HDL-C* high-density lipoprotein cholesterol, *LDL-C* low-density lipoprotein cholesterol, *FFA* free fatty acid, *n.s.* non-significant Table 2Factors associated with the changes (Δ) in BMI levels with canagliflozinCoeff.Std. err.*tpR* ^2^Constant1.0421.65620.629150.53474Age− 0.0040.01075− 0.37260.712470.00241FBG− 0.00080.00311− 0.26920.789910.03786Non-HDL0.001540.003290.46970.642480.01267TG0.002110.001541.36950.182560.07154BMI− 0.01590.03799− 0.41930.678440.02254FFA− 0.2380.41815− 0.56910.57420.00041UA− 0.25540.12245− 2.08590.046950.09837HOMA-R0.060110.065070.923820.364070.02227HOMA-B− 0.00440.00698− 0.63730.529490.00985Multiple regression analysis was undertaken between ΔBMI (dependent variable) and the baseline levels of the indicated parameters (independent variables)*BMI* body mass index Fig. 1Correlations between the changes in ΔBMI and baseline UA levels. Simple regression analysis was performed between the indicated parameters (all subjects). *BMI* body mass index, *UA* uric acid

Differential Regulations of Glycemic and Non-glycemic Parameters with Canagliflozin Depending on Body Weight Changes {#Sec8}
--------------------------------------------------------------------------------------------------------------------

Subjects were then divided into two groups---those who significantly lost weight (ΔBMI ≤ − 0.45, *p* \< 0.00001; termed 'Group L', *n* = 20) and those who did not lose weight (ΔBMI \> − 0.45, *p* = non-significant; termed 'Group N', *n* = 16). This cut-off value of − 0.45 for ΔBMI is described in Sect. [2.2](#Sec4){ref-type="sec"}.

As indicated in Table [3](#Tab3){ref-type="table"}, FBG and HbA1c levels were significantly higher in Group N versus Group L, while HOMA-B levels were significantly higher in Group L versus Group N at baseline. Other parameters showed no statistically significant differences at baseline. Similar reductions in FBG, HbA1c and HOMA-R levels were observed in these two groups (Table [4](#Tab4){ref-type="table"}a, b) (with ANCOVA, no intergroup differences were noted in the changes in these parameters between these two groups, results not shown). However other parameters showed distinct regulatory patters as follows: Group L: significant reductions in BMI and UA levels were seen, and TG levels had a tendency to decrease (Table [4](#Tab4){ref-type="table"}a); Group N: significant reductions in FFA and increases in HOMA-B levels were observed (Table [4](#Tab4){ref-type="table"}b).Table 3Baseline characteristics of glycemic and non-glycemic parameters between Groups L and NGroup NGroup L*p* valuesAge (years)51.6 ± 17.251.2 ± 13.8n.s.F/M3/137/13BMI27.33 ± 6.9427.80 ± 4.19n.s.FBG (mg/dl)239.5 ± 55.2182.1 ± 65.1\< 0.01HbA1c (%)11.23 ± 2,279.54 ± 2.58\< 0.05insulin (mU/ml)8.68 ± 7.6210.34 ± 6.71n.s.HOMA-R5.22 ± 4.674.50 ± 2.81n.s.HOMA-B18.88 ± 16.8440.99 ± 35.03\< 0.03UA (mg/dl)5.18 ± 1.415.75 ± 1.05n.s.T-C (mg/dl)214.3 ± 42.1215.3 ± 35.0n.s.TG (mg/dl)215.3 ± 146.1157.7 ± 73.6n.s.HDL-C (mg/dl)51.1 ± 15.250.1 ± 11.1n.s.Non-HDL-C (mg/dl)163.1 ± 38.4165.2 ± 36.7n.s.LDL-C (mg/dl)133.4 ± 43.2144.2 ± 33.7n.s.FFA (eE/l)0.883 ± 0.4200.762 ± 0.249n.s.An unpaired Student's *t* test was performed to compare the baseline values of the indicated parameters between these two groups*F* female, *M* male, *BMI* body mass index, *FBG* fasting blood glucose, *HOMA-R* homeostasis model assessment-R, *HOMA-B* homeostasis model assessment-B, *UA* uric acid, *T-C* total cholesterol, *TG* triglyceride, *HDL-C* high-density lipoprotein cholesterol, *LDL-C* low-density lipoprotein cholesterol, *FFA* free fatty acid, *n.s.* non-significant Table 4Changes in glycemic and non-glycemic parameters with canagliflozin in (a) Group L, and (b) Group NBaseline3 months*p* values% changes(a) Age (years)51.2 ± 13.8 F/M7/13 BMI27.80 ± 4.1926.81 ± 4.06\< 0.00001− 3.5 FBG (mg/dl)182.1 ± 65.1135.7 ± 26.6\< 0.005− 25.4 HbA1c (%)9.54 ± 2.587.54 ± 1.27\< 0.05− 20.9 Insulin (mU/ml)10.34 ± 6.719.40 ± 6.88n.s.− 9 HOMA-R4.50 ± 2.813.05 ± 2.08\<0.005− 32.2 HOMA-B40.99 ± 35.0353.93 ± 45.83n.s.31.5 UA (mg/dl)5.75 ± 1.055.35 ± 1.17\< 0.05− 6.9 T-C (mg/dl)215.3 ± 35.0212.2 ± 37.6n.s.− 1.4 TG (mg/dl)157.7 ± 73.6135.3 ± 57.90.09− 14.2 HDL-C (mg/dl)50.1 ± 11.151.5 ± 8.8n.s.2.7 Non-HDL-C (mg/dl)165.2 ± 36.7161.2 ± 37.5n.s.− 2.4 LDL-C (mg/dl)144.2 ± 33.7141.7 ± 34.6n.s.− 1.7 FFA (eE/l)0.762 [+ ]{.ul}0.2490.762 ± 0.418n.s.0(b) Age (years)51.6 ± 17.2 F/M3/13 BMI27.33 ± 6.9427.25 ± 6.93n.s.− 0.2 FBG (mg/dl)239.5 ± 55.2166.6 ± 33.4\< 0.0002− 30.4 HbA1c (%)11.23 ± 2.279.19 ± 1.64\< 0.0002− 18.1 Insulin (mU/ml)8.68 ± 7.628.25 ± 6.07n.s.− 4.9 HOMA-R5.22 ± 4.673.31 ± 2.53\< 0.02− 36.5 HOMA-B18.88 ± 16.8431.99 ± 24.75\< 0.00769.4 UA (mg/dl)5.18 ± 1.415.13 ± 1.27n.s.− 0.9 T-C (mg/dl)214.3 ± 42.1210.2 ± 41.9n.s.− 1.9 TG (mg/dl)215.3 ± 146.1210.5 ± 127.9n.s.− 2.2 HDL-C (mg/dl)51.1 ± 15.253.3 ± 12.6n.s.4.3 Non-HDL-C (mg/dl)163.1 ± 38.4156.8 ± 37.7n.s.− 3.8 LDL-C (mg/dl)133.4 ± 43.2128.9 ± 36.9n.s.− 3.3 FFA (eE/l)0.883 ± 0.4200.655 ± 0.297\< 0.02− 25.8A paired Student's *t* test was performed to analyze the changes in the parameters in these two groups*F* female, *M* male, *BMI* body mass index, *FBG* fasting blood glucose, *HOMA-R* homeostasis model assessment-R, *HOMA-B* homeostasis model assessment-B, *UA* uric acid, *T-C* total cholesterol, *TG* triglyceride, *HDL-C* high-density lipoprotein cholesterol, *LDL-C* low-density lipoprotein cholesterol, *FFA* free fatty acid, *n.s.* non-significant

The next question was whether the reductions of glucose levels (assessed with FBG) were linked to the changes in insulin resistance (assessed with HOMA-R) and/or β-cell function (assessed with HOMA-B) in Groups L and N. To answer this question, simple regression analysis was performed as described in Sect. [2](#Sec2){ref-type="sec"}. Significant correlations were observed between ΔHOMA-R and ΔFBG in Group L (Table [5](#Tab5){ref-type="table"}), while significant positive or negative correlations were seen between ΔHOMA-R and ΔFBG, or between ΔHOMA-B and ΔFBG, respectively, in Group N (Table [5](#Tab5){ref-type="table"}).Table 5Correlations between the changes in glycemic parameters and those of insulin resistance (HOMA-R) and β-cell function (HOMA-B)*Rp* valuesGroup L ΔHOMA-R vs ΔFBG0.458\< 0.05Group N ΔHOMA-B vs ΔFBG− 0.557\< 0.03 ΔHOMA-R vs ΔFBG0.607\< 0.02

Discussion {#Sec9}
==========

Body Weight Changes and Glycemic and Non-glycemic Efficacies with Canagliflozin {#Sec10}
-------------------------------------------------------------------------------

Multiple regression analysis implicated that the baseline level of UA could be responsible for the changes in BMI levels with this drug (Table [2](#Tab2){ref-type="table"}). This was further confirmed by the post hoc simple regression analysis showing that nearly significant correlations were noted between these parameters (Fig. [1](#Fig1){ref-type="fig"}). When the subjects were divided into two groups, depending on the changes in BMI (Groups L and N), only those in Group L had a small but still significant reduction in UA levels, although the baseline UA levels were within the normal range (but insignificantly higher than those of Group N) (Table [3](#Tab3){ref-type="table"}). These backgrounds implicate that UA may be linked to weight reduction during canagliflozin treatment. The mechanism of body weight reduction with SGLT-2 inhibitors is to facilitate fat metabolism via the increased glucose excretion into the urine. While UA is produced mainly in the liver, recent results have shown that UA is also produced in the fat tissue and is increased in obesity \[[@CR12]\]. This could be a potential mechanism of the reduced UA levels in those who lose weight with SGLT-2 inhibitors, including canagliflozin.

Interestingly, similar glycemic efficacies were seen in subjects with (Group L) or without (Group N) body weight reductions (Table [4](#Tab4){ref-type="table"}a, b). This result implicates that the glycemic efficacy of canagliflozin is not linked to the reductions of body weight as shown with another SGLT-2 inhibitor \[[@CR5]\]. However, those who lose weight with canagliflozin may have more advantages than those who do not with respect to some of the non-glycemic parameters, including UA and TG (Table [4](#Tab4){ref-type="table"}a). Elevated UA and/or TG levels are potential risk factors for cardiovascular or cerebrovascular diseases \[[@CR13]\]. It has recently been shown that canagliflozin had beneficial outcomes on some cardiovascular aspects (CANVAS) \[[@CR14]\]. An understanding of the mechanisms of the favorable effects on the heart would be of importance. Subanalysis of the subjects in terms of weight changes in CANVAS could be particularly interesting.

Differential Modulation of Insulin Resistance and β-Cell Function in the Glycemic Efficacy of Canagliflozin Depending on Body Weight Changes {#Sec11}
--------------------------------------------------------------------------------------------------------------------------------------------

It is well-known that losing weight is effective for better glycemic control; however, as presented in this study, similar glycemic efficacies were seen with canagliflozin irrespective of the changes in body weight (Table [4](#Tab4){ref-type="table"}a, b). What are the underlying mechanisms of this phenomenon? Blood glucose levels are determined by the modulation of insulin resistance and β-cell function \[[@CR15]\]. In those who lost weight, the degrees of insulin resistance (assessed by HOMA-R) were significantly reduced, and good correlations were seen between the changes in HOMA-R and FBG (Group L) (Tables [4](#Tab4){ref-type="table"}a, [5](#Tab5){ref-type="table"}). On the other hand, in those who did not lose weight, levels of β-cell functions (assessed by HOMA-B) were significantly elevated and good negative correlations were observed between the changes in HOMA-B and FBG (Group N) (Tables [4](#Tab4){ref-type="table"}b, [5](#Tab5){ref-type="table"}). Furthermore, in this group, the degrees of insulin resistance were significantly reduced, and good correlations were seen between the changes in HOMA-R and FBG (Tables [4](#Tab4){ref-type="table"}b, [5](#Tab5){ref-type="table"}).

One interesting question is the potential mechanism of increased β-cell function/decreased insulin resistance in those without weight loss (Group N). Significant reductions of FFA levels were observed in Group N (Table [4](#Tab4){ref-type="table"}b). Elevated FFA levels are known to increase insulin resistance \[[@CR16], [@CR17]\] and to decrease β-cell function through lipotoxicity \[[@CR18], [@CR19]\]. Modulation of insulin resistance and β-cell function via the decreased FFA levels could be one of the potential mechanisms of good glycemic efficacies of canagliflozin, although no changes in body weight were noted in Group N.

It is generally believed that FFA levels are increased with SGLT-2 inhibitors because they shift substrate utilization from carbohydrate to lipids \[[@CR20]\]. Therefore, one could easily imagine that those who lose weight (Group L) have elevated FFA levels via the decreased TG levels \[[@CR20]\]. Given this background, FFA levels are not increased in those who have no changes in weight (Group N). The precise mechanism of how canagliflozin can downregulate FFA levels in those without weight changes remains to be investigated. Collectively, two glucose-lowering mechanisms could be present with canagliflozin depending on body weight changes: (1) reducing insulin resistance by weight loss (Group L); and (2) enhancing β-cell function/reducing insulin resistance possibly by downregulating FFA levels (Group N) (as illustrated in Fig. [2](#Fig2){ref-type="fig"}). It remains to be investigated whether or not similar results would be obtained with other SGLT-2 inhibitors.Fig. 2Schematic representation of glycemic efficacy of canagliflozin depending on the changes in body weight

Limitations and Strengths of the Study {#Sec12}
--------------------------------------

Some limitations exist with this study. This was an observational (but prospective) study with rather small numbers of study participants and a short duration. Lack of a control group, for example using subjects treated with diet/exercise alone, is also a drawback of this study. However, considering the design of the study (monotherapy with drug-naïve subjects), it is likely that the observed changes in glycemic and non-glycemic parameters were mainly caused by canagliflozin. Another limitation is the lack of multiplicity used to account for the numerous associations and differences tested. Further well-designed studies, such as randomized, double-blind, placebo-controlled, longer duration studies with increased numbers of subjects, will be necessary to augment the findings of this study.

Conclusions {#Sec13}
===========

The contents of this article add the following new knowledge: canagliflozin may possess distinct, dual glucose-lowering mechanisms depending on body weight changes. In subjects who lose weight, the degrees of insulin resistance decrease. By contrast, in subjects who do not lose weight, canagliflozin reduces FFA levels and may thereby activate β-cell function and reduce insulin resistance. Similar glycemic efficacies were seen in these two populations. However, in those who lose weight, canagliflozin is associated with improvements in the levels of metabolic parameters, including UA and TG levels, in comparison with those who do not lose weight.
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